In this study, a porous insert is placed at the dump plane of a swirl-stabilized lean premixed combustor to passively suppress thermoacoustic instabilities. The diffuser-shaped annular ring of porous inert material influences the turbulent flow field directly, including recirculation zones and vortical and/or shear layer structures to passively control the acoustic performance of the combustor. The porous inert material is made of silicon carbide-hafnium carbide coated, high-strength, high-temperature-resistant open-cell foam materials. In this study, the porous insert concept is investigated at above-ambient operating pressures to demonstrate its suitability for practical combustion applications. Experiments are conducted in quartz and metal combustors, without and with the porous insert while varying operating pressure, equivalence ratio, and reactant flow rate. Measurements show that the porous insert, and consequent changes in the combustor flow field, decrease the sound pressure levels at the frequency of combustion instability at all operating conditions investigated in this study. The porous insert also decreases the broadband combustion noise, i.e. the measured sound pressure levels over a wide frequency range.
Introduction
Advanced gas turbines for power generation employ swirl-stabilized, lean premixed (LPM) combustion systems to reduce emissions of nitric oxides (NOx), carbon monoxide (CO), and unburnt hydrocarbons (UHCs). In these systems, premixed reactants enter the combustor through a swirler to create an annular jet which ultimately results in a compact reaction zone. As illustrated in Figure 1 (a), inner and outer recirculation zones, formed on either side of the annular jet, stabilize the reaction zones in a typical swirl injected can combustor. [1] [2] [3] [4] [5] LPM combustion systems reduce emissions, but they are also prone to thermo-acoustic instabilities characterized by the resonant feedback oscillations. According to the Rayleigh's criterion, 6 combustion instability occurs if the heat release process adds energy to the acoustic field faster than the field can dissipate energy, e.g. by viscous dissipation, acoustic damping, and heat transfer. Many experimental and computational studies have sought to explain the mechanisms of combustion instability. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In a swirl-stabilized combustion system, the unsteady vortical structures formed on either side of the flame lead to unsteady heat release rates that can drive the instability. 18 Several studies have been conducted to control the combustion instabilities using active and passive methods. Active combustion control systems are effective over a wide operating range; however, their reliability depends on sensing, actuation, and control algorithms, among other factors. 16 On the other hand, passive combustion control systems are reliable but effective only for a limited operating range. Passive control techniques include baffles aimed at suppressing the acoustic standing wave; dynamic phase converters and quarter-wave tubes that alter the interactions between combustion and acoustics, 17, [19] [20] [21] Helmholtz resonators that dampen and dissipate the acoustic energy [22] [23] [24] [25] and perforated liners. 26, 27 Recently, a passive technique to suppress combustion instabilities and noise in swirl-stabilized, LPM systems has been introduced by our research group. [28] [29] [30] This passive technique employs reticulated porous inert material (PIM) alloyed with silicone carbide (SiC) and hafnium carbide (HfC) layered coatings to protect from high temperature oxidation in combustion by creating refractory surface oxides resistant to operating temperatures of up to 1800 C. The ring-shaped PIM is placed at the dump plane of the combustor to surround the swirling flame in the core region, as illustrated in Figure 1 (b). The porosity (percentage of volume void) and pore density (number of pores per unit length) of the PIM are chosen to minimize the pressure drop and to prevent flame stabilization within the porous matrix. 29, 30 The present passive control concept is fundamentally different from many of the previous studies with PIM that involve flame stabilization within or on the surface of the PIM. [31] [32] [33] [34] [35] [36] [37] With porous insert, a majority of the reactants pass through the central void of the insert to create the swirling jet flame. However, portions of reactant and product gas flows penetrate into the porous matrix, and eject at the downstream surface of the insert to create segmented surface flames or flamelets. The static stability of the surface flames is strengthened by the thermal feedback from the porous insert.
Previous experiments in our laboratory have demonstrated that the PIM is effective in reducing combustion instability and noise over a range of operating conditions including reactant flow rate, equivalence ratio, reactant inlet temperature, and inlet swirl. 30, [38] [39] [40] [41] These experiments have also shown that the PIM has minor effect on emissions of CO, and NOx, and negligible effect on the pressure drop across the combustor mainly because only a small fraction of total flow passes through the highly porous (porosity > 0.8) matrix. 29 Meadows and Agrawal 42 conducted a simplified acoustic analysis of the porous insert and by comparing model predictions with experimental measurements found that the acoustic absorption by the PIM accounts for only a small percentage of the observed reduction in the acoustic energy. The PIM alters the acoustic boundary condition near the dump plane by adding acoustic impedance. The analysis modeled the acoustic impedance and absorption coefficient of the PIM. PIM was shown to have the potential to absorb up to 30% of the acoustic energy; however, up to 99% reduction in acoustic intensity was observed. Thus, porous insert is more than a simple damping device within the combustor.
Recent studies by Meadows and Agrawal employing time-resolved particle image velocimetry (PIV) technique to acquire detailed flow field measurements in nonreacting 43 and reacting systems 44 delineate the primary mechanisms responsible for mitigating thermo-acoustic instabilities with PIM. Meadows and Agrawal 44 found that the PIM eliminates the corner recirculation zone and the precessing vortex core in the flow field, and shifts the central recirculation zone farther downstream and away from the reaction zone, as shown by the timeaveraged flow field without and with porous insert in Figure 2 . The swirling flame through the central void is stabilized by the flamelets on the PIM surface rather than the recirculation zones on either side of the swirling jet flame; vortical structures formed in jet shear layers are known to interact with the flame to instigate the instability. Thus, referring to the Rayleigh criterion, the PIM decreases the acoustic driving force by shielding the flame zone from the vortical structures while the pores in the structure provide some acoustic damping; both of these effects tend to mitigate the thermoacoustic instabilities.
Previous studies have shown that unlike other passive control techniques, the porous insert design is effective over a wide range of operating conditions. However, all of the studies with PIM have so far been conducted at atmospheric pressure as opposed to most practical combustion systems operating at high pressures. Although the operating pressure has a relatively minor effect on the average combustor flow field, it increases the local heat release rates which in turn affect the coupling mechanism between the flow and acoustic fields to excite (or suppress) the thermo-acoustic instability. Thus, the objective of the present study is to evaluate the early- stage porous insert concept for the first time at elevated pressures with the goal to document performance with regards to thermoacoustic instabilities and combustion noise. This intermediate step is necessary before the porous insert concept can be proven and further refined for gas turbine applications. Experiments were conducted in a stainless steel combustor and a quartz combustor to acquire measurements of sound pressure level (SPL) for a range of operating pressures, reactant flow rates, and equivalence ratios. Next, the experimental facility is described followed by results and discussion to illustrate the effectiveness of the PIM concept. Conclusions and recommendations for future work are provided in the final section of the paper.
Experimental setup
The high pressure experimental apparatus, shown schematically in Figure 3 , incorporates a pressure vessel around a 29.2 cm long, 6.67 cm ID cylindrical combustion chamber that encloses the flame. The porous insert is secured on the inside surface of the combustor. A stainless steel combustor was used initially and then, a customized quartz combustor with a ridge to contain the porous insert was employed to minimize stress concentration caused by the thermal expansion of the combustor wall. 40 The test apparatus can be supplied with ambient or heated combustion air. The cooling air around the combustor is injected from beneath the dump plane. The combustion and cooling air lines are fitted, respectively, with sonic nozzles of 0.45 cm and 0.32 cm throat diameter placed upstream of the test section. The sonic nozzles are necessary to prevent the propagation of sound waves to the upstream flow supply and instrumentation systems. Air and fuel premix in the mixing region prior to reaching the dump plane of the combustor through an annular swirler with six vanes positioned at an angle of 28 with respect to the horizontal, resulting in computed swirl number of 1.5. The chamber pressure is controlled by traversing a custom-designed variable-area needle to create sonic flow at the throat of the downstream nozzle.
A dedicated compressor and storage vessel system supplies the air flow at 1.38 MPa, allowing the combustion chamber enclosure pressure to be elevated to up to 0.5 MPa. Air flow rates are measured by laminar flow elements (LFE) calibrated for 0-1000 L/min of air. Flow rates measured by LFEs are corrected for pressure and temperature as specified by the manufacturer. L/min. Sound pressure measurements are acquired by a PCB Piezotronics dynamic pressure transducer (Model 113B28) flush mounted on the pressure enclosure wall at an access port at the level of the combustor exit plane. The actual pressure fluctuations within the combustor will be much greater than those measured away from the combustor in the present experiment. A total of 20,000 data are acquired in 5 s at sampling rate of 4000 Hz, yielding a maximum resolvable frequency of 2000 Hz and a frequency resolution of 0.2 Hz. The measured voltage signal is amplified and converted to pressure fluctuation data using the probe sensitivity of 0.01506 mV/Pa AE 15%. The fast-Fourier transform analysis is performed using all of the acquired pressure data set to first obtain the rootmean-square pressure (P rms ) and then the SPL as a function of frequency using the following equation
where P ref ¼ 20 mPa. The total SPL is determined from the following
where n refers to the number of frequency bands. For SPL spectra in one-third octave bands, the summation in equation (2) is performed over each octave band.
Results and discussion Figure 4 shows the diffuser-shaped reticulated porous insert used in this study. The insert is characterized by geometric parameters including porosity, pore density, OD, ID, diffuser half angle, and length. A high porosity of 0.85 is used to minimize the pressure drop; an estimated 10% to 15% of the reactant flow rate passes through the insert blocking only about 15% of the flow cross-sectional area. Pore density of 26 ppcm signifying average pore diameter of about 0.38 mm was chosen based on prior experiments. 29 Note that the pore density must be sufficiently high to ensure surface flamelets only, without the risk of the flame propagating upstream and stabilizing within the insert. The insert OD is approximately the same as the combustor ID. At the dump plane, the insert ID is approximately equal to the swirler OD to minimize obstruction of the swirling flow. The diffuser shaped insert is chosen because of its superior performance demonstrated in previous studies. 29 Although previous experiments have guided the present porous insert design, the PIM in this study has not been optimized for the high pressure operation in practical gas turbine combustion systems.
A range of test conditions with air inlet temperature of 20 C were examined and details are reported in Smith, 30 including pressure, P ¼ 0.203 MPa (2 atm), 0.304 MPa (3 atm), and 0.405 MPa (4 atm); equivalence ratio, f ¼ 0.55, 0.65, and 0.75, and combustion air flow rate, Q ¼ 400 L/min and Q ¼ 600 L/min. Figure 5 shows the visual flame images, without and with PIM, for Q ¼ 400 L/min, P ¼ 0.101 MPa, and f ¼ 0.65. The images were taken with the high pressure enclosure open, and using quartz combustion chamber to view the flame; current hardware limitations prevented optical access to the combustor at pressures above the ambient pressure. In Figure 5(a) , the image without PIM shows a compact blue flame typical of premixed combustion. With PIM, the image in Figure 5 (b) shows 
Sound pressure level
In this section, sound pressure spectra without and with PIM are compared to demonstrate the effectiveness of the PIM. Both stainless steel combustor and quartz combustor produced similar results; 40 hence only quartz combustor results are presented in the following discussion. Further, only select test cases are discussed to convey the key findings without showing the extensive data sets. Assuming pressure antinode at the inlet and pressure node at the exit of the cylindrical combustor, the natural frequency of the first longitudinal mode is estimated from the simplified analysis, i.e. f n ¼ n Ã ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi RT=4L p where g is the ratio of specific heats, T is the average gas temperature in the combustor, L is the characteristic length of the combustor, and n is the mode number. Figure 6 shows the frequency of the first longitudinal mode as a function of the product gas temperature. Figure 7 displays the SPL in decibels or dB over full frequency and one-third octave bands for P ¼ 0.405 MPa and Q ¼ 400 L/min. Octave bands cover the human hearing range and each band represents a doubling in frequency. The full SPL spectra for f ¼ 0.65 without PIM, displayed in Figure 7 (a), reveal two significant and distinct peaks; 140 dB at 647 Hz and 146 dB at 1300 Hz. The adiabatic flame temperature for P ¼ 0.405 MPa and an equivalence ratio of 0.65 is 1488 C, but the actual temperature inside the combustor will be lower because of the heat loss. Referring to Figure 6 , the temperature corresponding to the first longitudinal mode for a frequency of 647 Hz is 1425 C, which is in agreement with the approximate temperature inside the combustor. Thus, the two large peaks present in Figure 7 (a) are attributed to the excitation of the first and second longitudinal mode of the combustor. With PIM, Figure 7 (b) shows that the 647 Hz peak reduces to 85 dB (55 dB reduction) and the 1300 Hz peak reduces to 101 dB (45 dB reduction). These large reductions in peak SPLs clearly demonstrate that PIM eliminates the combustion instability present in this system without PIM. In general, the SPL with PIM is less than that without PIM throughout the frequency range indicting that the porous insert also curtails the broadband combustion noise. Considering the SPL spectra in one-third octave bands, as shown in Figure 7 (c), the SPL without PIM is 149 dB across the 630 Hz band, and 159 dB across the 1250 Hz band. Sound pressure of such magnitude, occurring within distinct bands, signifies strong combustion driven resonance. With PIM, SPLs in each of these bands decrease by 25 dB.
Similar results are obtained for combustor operation at a higher equivalence ratio, f ¼ 0.75. The full spectra without PIM, shown in Figure 7 (d), reveal distinct peaks in SPLs of 143 dB at 670 Hz and 147 dB at 1340 Hz. The slight increase in the measured frequency at the peak SPL is consistent with an increase in the natural frequency of the combustor with an increase in the gas temperature (or equivalence ratio). The expected temperature within the combustor is slightly less than the adiabatic flame temperature of 1656 C, and the 670 Hz frequency corresponds to a temperature of 1625 C (refer to Figure 6 ). With PIM, Figure 7 (e) shows that the 670 Hz peak decreases by 34 dB to 109 dB and the 1340 Hz peak decreases by 35 dB to 112 dB. Again, SPLs at all frequencies are generally lower with PIM than those without PIM. SPLs in one-third octave bands, as displayed in Figure 7 (f), demonstrate the excellent ability of PIM to suppress combustion instability and reduce noise for f ¼ 0.75. At center frequencies of 630 Hz and 1250 Hz, the SPLs are respectively reduced from 136 dB to 127 dB and 156 dB to 136 dB.
Similar results were obtained for a range of operating conditions as documented in Williams. 40 Here, the robustness of the porous insert is further illustrated by Figure 8 showing results for a distinctly different operating condition; higher volumetric flow rate, Q ¼ 600 L/min, and lower pressure, P ¼ 0.304 MPa. Without PIM, Figure 8(a) shows distinct peaks at multiple frequencies indicating strong instability in the combustor at f ¼ 0.65. With PIM, these peaks are virtually eliminated indicating stable combustion without harmonic excitation (see Figure 8(b) ). The SPL spectra in one-third octave bands in Figure 8 130 dB) and 800 Hz (from 144 dB to 124 dB) bands. Thus, the PIM not only eliminates the thermoacoustic peaks but also decreases the broadband combustion noise throughout the frequency range. For a higher equivalence ratio, f ¼ 0.75, the SPL spectra without PIM, as displayed in Figure 8 (d), reveal harmonic excitations similar to those in the previous case. With PIM, the 639 Hz peak is reduced from 150 dB to 145 dB and the 1279 Hz peak decreases from 134 dB to 129 dB (see Figure 8(e) ). SPLs in onethird octave bands, as displayed in Figure 8 (f), show that the porous insert is still effective although SPL reductions are moderate for this case.
Total sound pressure levels
Experiments were conducted to determine the performance of the porous insert over a range of operating conditions. Instead of showing the SPL spectra for each case, Figure 9 presents the total SPL, without and with PIM, as a function of equivalence ratio for operating pressure. Figure 9 (a) to (d) clearly shows that without PIM the total SPL for all operating pressures increases with an increase in the equivalence ratio, which is consistent with the literature indicating that an increase in the heat release rate increases the total SPL. Figure 9 demonstrates that the PIM improves the acoustic performance of the combustor since the total SPL with PIM is less than that without PIM for all test cases. These results demonstrate that unlike typical passive control techniques, the PIM concept is effective over a wide range of operating conditions. These results clearly show the robustness of the porous insert concept, especially considering that the present porous insert geometry has not been optimized for higher operating pressures.
Conclusions
In this study, an experimental investigation of swirlstabilized combustion without and with porous insert was performed at different operating pressures to more realistically simulate the gas turbine operating conditions. The swirl stabilization method used in LPM combustion systems is manipulated by introducing a porous insert at the dump plane of the combustor. Results show that the porous insert is effective in mitigating thermoacoustic instabilities present without the porous insert at different operating pressures. Porous insert is also effective in reducing combustion noise over the entire frequency range for different operating pressures, equivalence ratios, and reactant flow rates. Results suggest that the primary mechanism identified from atmospheric pressure studies, i.e. the PIM suppresses the feedback mechanism by modifying the flow field; corner recirculation zones are eliminated and central recirculation zones are shifted downstream away from the flame zone appears to be relevant at high pressures as well. The porous insert could also serve as an acoustic damper of pressure fluctuations generated in and around the reaction zone. In future, geometric optimization of the porous insert (e.g. pore density and/or diffuser angle) would be necessary to fully realize its benefits at high pressures. The present approach can be retrofitted in current swirl-stabilized gas turbine combustion systems, and thus, it presents an important opportunity for performance improvement. The primary drawback is the need for a reliable porous insert material that can sustain high thermal and mechanical stresses in a practical combustor, especially for extended periods. However, the recent advances in 3D additive manufacturing techniques offer the intriguing opportunity to produce customdesigned porous inserts using high-strength materials suitable for reliable and consistent long-term operation at gas turbine conditions.
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